, an average for wet sites of 23.4 mg m À2 hr À1 , and an average for dry sites of 1.6 mg m À2 hr
[1] Methane fluxes from arctic tundra soils on a river terrace and floodplain in northeastern Siberia, measured with flux chambers, show a high spatial variability. The methane fluxes on the river terrace compare well with fluxes reported in other studies on tundra methane fluxes. The average methane flux is 4.3 mg CH 4 m À2 hr À1 , and the average flux for wet sites is 7.2 mg m À2 hr À1 and for dry sites 0.18 mg m À2 hr À1 , with negative fluxes occurring locally. The fluxes from floodplain sites are considerably higher, with an average flux of 12.5 mg m À2 hr
À1
, an average for wet sites of 23.4 mg m À2 hr À1 , and an average for dry sites of 1.6 mg m À2 hr
. Multilinear regression demonstrates that the methane flux depends on both water table and active layer thickness. However, these factors alone cannot explain the large floodplain methane fluxes. We hypothesize that the large fluxes from floodplain sites are caused by (1) higher primary productivity of the floodplain vegetation and a high plant-mediated transport of methane, and (2) enhanced supply of substrate for methanogens by sedimentation of particulate organic matter from flood water. Our results indicate that changes in discharge and organic matter transport of arctic rivers may have a considerable effect on arctic methane fluxes.
Introduction
[2] Water saturated arctic soils are important sources of methane. Christensen et al. [1996] estimate the current contribution of high-latitude wetlands to 20-40 Tg CH 4 yr
À1
. This is 7 to 27% of the methane emission from natural sources, and 8 to 43% of the emission from wetlands, depending on which estimate is used [Ehhalt et al., 2001] . During the Quaternary, fluxes from Arctic wetlands may have contributed significantly to rapid atmospheric methane concentration increase at climatic warming events [Brook et al., 2000; van Huissteden, 2004] . Methanogens in tundra environments include cold-tolerant organisms that can metabolize even at subzero temperatures [Wagner et al., 2003; Rivkina et al., 2004] . Hence arctic wetland methane fluxes may be comparable to those of midlatitude wetlands, despite low soil temperatures in the arctic.
[3] The impact of future climatic warming is largest in the arctic [Cubash et al., 2001] . Since methanogenesis is highly sensitive to temperature, methane fluxes from tundra wetlands are expected to increase with temperature rise [Hassol, 2004] and with the release of methane from thawing permafrost [Zimov et al., 1997] . This would imply a positive feedback to climate change from tundra wetland methane sources. However, better drainage caused by permafrost degradation and increased active layer thickness may decrease methane fluxes [Moore and Roulet, 1993] . Long-term observations of permafrost temperatures (Circumpolar Active Layer Monitoring network) indicate increased thaw penetration at some sites, although interannual variation is considerable [Brown et al., 2000] . Because of this potential positive feedback to climate change, methane emission from arctic wetlands has attracted much attention [e.g., Svensson and Rosswall, 1984; Whalen and Reeburg, 1988; Bartlett et al., 1992; Christensen et al., 1995 Christensen et al., , 2000 Nakano et al., 2000; Wagner et al., 2003] . Reported emissions in arctic tundra environments range from methane uptake, to emissions of 15 mg m À2 hr À1 [Wagner et al., 2003] , with outliers ranging over 50 mg m À2 hr À1 [Rask et al., 2002] . As in midlatitude wetlands, spatial variability of emission is high. Methane fluxes are lowest in dry sites where microbial oxidation controls emission. Also soil temperature, active layer thickness, vegetation type and productivity and soil chemical parameters may be important factors [e.g., Torn and Chapin, 1993; Whalen et al., 1996; Wagner et al., 2003; Nykänen et al., 2003] .
[4] Arctic river floodplains are under-represented in studies on methane fluxes from arctic wetlands. However, large parts (in our study area, 20-40%) of tundra lowlands are occupied by river plains where flooding, sedimentation and thermokarst development contribute to a dynamic environment. Vegetation composition and productivity, soil hydrology and active layer thickness in these environments differ from tundra surfaces that are not frequently flooded with river water. Here we present data showing that soil methane fluxes from river plain backswamp environments are considerably higher than those from tundra environments that are not frequently flooded by river water. The study is based on a field survey of the spatial variability of methane fluxes at a tundra site in eastern Siberia.
Study Area
[5] The study area (70°48 0 N, 147°26 0 E) is situated in the Kytalyk wildlife reserve in the Indigirka lowlands (Sakha Republic, eastern Siberia). Climatic parameters measured at the nearest weather station, Chokhurdagh (70°37 0 N, 147°53 0 E, elevation 48 m, Köppen climate classification ET, polar tundra, data from 1961 to 1990), show a mean annual air temperature of À14.3°C, an average temperature of the warmest month (July) of 9.5°C and that of the coldest month (January) of À34.6°C (Figure 1 ). The mean annual precipitation is 232 mm, most of it (37 mm in July) is falling in summer. The area is situated in the continuous permafrost zone, with permafrost thickness over 300 m. Recent data show a warming trend: Ten-year moving averages of the winter temperature have risen from À36°C to À33°C between 1965 and 1985 [Gavrilova, 2003] . The most recent station data over 1996-2003 show a January temperature of À32.9°C, mean July temperature of 14.5°C, and mean annual temperature of À10.5°C.
[6] The research area consists of three different morphological units: the present, frequently flooded river floodplain, a river terrace with tundra vegetation (''tundra'' hereinafter), and higher (10 -30 m) plateaus with welldrained soils, underlain with ice-rich permafrost. Methane flux measurements were concentrated on the river plain and the river terrace/tundra. The area is situated along a tributary of the Indigirka river, the Bereleg river. Near the study site the river is an approximately 50-70 m wide, meandering river. On the floodplain thermokarst processes are active. The river banks show thaw slumps. The levees are overgrown with Salix brush. The backswamps consist of meadows with grasses and sedges grading into shallow lakes. The vegetation in the backswamp meadows ranges from low grass (Arctophila fulva) at the lowest sites, to tall grasses and sedges (Carex arctisiberica, glacialis). Floodplain sediments consist of silt or silty peat in the backswamps and silt and fine sand in the levees. Mineral soils dominate, but soils below dense sedge vegetation have a thin (<10 cm) organic top horizon. All dry parts of the floodplain are underlain with permafrost. The thickness of the active layer is on average 42 cm. It varies between 25 and 55 cm, and is thickest below the levees. Ice wedge polygons are present in higher parts of the floodplain meadows. These polygons appear to be actively developing and extending into lower parts of the floodplain. In addition, thaw lakes occur which often extend into the higher tundra. The lake banks show active slumping. The thermokarst is probably the result of cyclic processes of thaw lake formation, sedimentation and regrowth of permafrost [French, 1996, and references therein] .
[7] The tundra shows a larger diversity of vegetation and terrain types than the floodplain. Near the study site, the floodplain is separated from the tundra with an approximately 2-m-high scarp. On most locations the tundra/river terrace soil consists of silt overlain with 15-30 cm of peat. Morphological features are low and high centered ice wedge polygons, and low palsas. Main vegetation types are: dry heath with Betula nana on higher sites (polygon rims, palsas); moist tundra with Eriophorum tussocks; wet sites with Sphagnum and Carex sp., and wet sites with a species-poor vegetation of Carex and some Eriophorum. At several sites the Sphagnum vegetation overlies a very thin active layer of loose moss peat (<20 cm thickness); this vegetation has a yellowish, driedout appearance. The active layer is on average 26 cm thick, and is markedly thicker on wet sites (22 to 50 cm) than on dry sites (12 to 28 cm).
Materials and Methods
[8] The flux measurements were made using static chambers, in a roving manner, to sample a wide variety of soils given the measurement setup. Since the gas monitor software does not compensate fully for cross-interference of CO 2 at high concentrations, the air was filtered before measurement with a Sodalime and a silicagel filter, which removes CO 2 and reduces water vapor concentrations. The flux chamber (volume 6880 cm 3 ) was constructed of dark PVC, and consisted of two parts. The lower part, a round PVC frame, was inserted into the ground up to 15 cm depth, after making a cut with a sharp knife. The top of the lower part consisted of a water-filled rim in which the upper part, the enclosure, was placed. The upper part was fitted with connectors for the gas monitor and a vapor lock to keep the pressure inside the chamber constant. Each flux measurement was accompanied by determination of the active layer depth and soil temperatures, using a PVC pricker with a steel point, in which a temperature sensor was mounted. The water table was determined by digging a small hole after the flux measurement. Also the characteristics of the vegetation and soil profile at the sites were recorded. The use of non-permanent chambers which have to be inserted into the soil before starting the flux measurement may cause disturbance of the methane flux by inducing ebullition. Therefore the flux measurement started at least ten minutes after inserting the lower part of the chamber into the soil. In most instances, also the vegetation needed to be clipped before measurement. Six gas analyses were taken with the gas monitor at threeminute time intervals, from which the CH 4 flux was determined with linear regression. All measurements were made during four consecutive days in the summer of 2004 (27 -30 July). At five sites, CO 2 flux chamber measurements have been made also, but we concentrated our resources on CH 4 fluxes.
[9] Each measurement was checked for quality by graphing the CH 4 concentration against time. One measurement was rejected because of possible leakage of the chamber and one measurement probably was influenced by induced ebullition. For four other measurements the last one or two data points were not used in the flux calculation because of suspected leakage during part of the measurement period. For most of the measurements, the standard error of the flux is below 0.5 mg m À2 hr
À1
, for only two measurements the standard error exceeded 1.5 mg m À2 hr
. These were measurements with high fluxes; in the worst case the error is 22% of the measured flux. For near-zero fluxes (between À1 and 1 mg m À2 hr À1 ) the standard error is below 40% of the measured flux for all but one measurement, so that the direction of the flux (positive or negative) could be determined with sufficient confidence.
[10] On the basis of geomorphology, water In the days before the measurement campaign, the water table on the floodplain had fallen after a dry spell, so the wet classes (in particular FW1) are probably inundated during part of the summer. On the tundra, dry sites occur on well drained, slightly sloping terrain (TD2, tussock tundra), or on higher sites created by periglacial processes (low palsas and ridges along ice wedges: TD1, TD3, TD4). Most dry tundra soils show a thin active layer, and lack water saturated soil horizons above the permafrost ice. Dry peat or vegetation insulates the permafrost from the higher air temperatures [Yershov, 1998] . This is in particular the case for the dry Sphagnum vegetation of class TD4. Wet tundra sites are associated with ice wedge polygons (polygon centers, ice wedges, TW2 -4), or diffuse drainage lines consisting of interconnected depressions (class TW1). TW1 is characterized by a dense and species-poor Carex-Eriophorum vegetation, while other TW classes show a more species-rich vegetation with Sphagnum, sedges and Potentilla palustris.
[11] Data analysis has been performed by groupwise comparison of flux measurements and active layer thickness of each of the above site classes, using two-sided t-tests. Significance and degrees of freedom of the tests have been indicated in parenthesis in the text below. Multilinear regression has been used to relate the methane fluxes to water table, active layer thickness and soil temperature. Significance of the regression has been tested by analysis of variance.
Measurement Results and Data Analysis
[12] The methane fluxes show large differences between the site classes (Figure 3 Table 1 (not all site classes have been shown). See color version of this figure at back of this issue. 
À1
. The TW1 sites also differ significantly from the other wet tundra sites (p = 0.01, df = 19). An exceptionally high flux of 559 mg m À2 hr
has been measured on a floodmark on the floodplain (not included in the group averages). At this site the soil was covered with a decaying mat of wet grass and sedge remains. Summarizing, the methane flux of all high water table sites decreases in the order: Low backswamp (FW1) > backswamp (FW2), wet sedge tundra (TW1) > other wet tundra (TW2, 3 and 4).
[13] The thickness of the active layer also varies strongly (Figure 4) . The active layer thickness is related to water table by the influence of soil water content on thermal conductivity [e.g., Yershov, 1998; Brown et al., 2000] . On the floodplain, the active layer is significantly thicker (average 42 cm) than on the tundra (average of 26 cm; p < 0.01; df = 53). The wet sedge sites on the tundra (TW1) have a thinner active layer (30 cm) than the otherwise comparable vegetation (FW2) on the floodplain (43 cm, p < 0.01, df = 13). On the floodplain, the active layer is thinner at higher parts of the backswamps, where active aggradation of permafrost and development of new ice wedge polygons occurs. The dry tundra sites have an active layer of only 18 cm, compared to an active layer of 32 cm on average for the wet tundra sites (p < 0.01, df = 32). Within the wet tundra (TW) classes, there are no large contrasts in active layer thickness.
[14] Multilinear regression of methane fluxes on water table and active layer thickness shows the relation of these variables to the spatial variation of the methane flux. The methane flux depends significantly on the water table (p < 0.001, n = 47). Secondly, the flux depends on active layer thickness (p = 0.043). However, water table and active layer thickness are correlated (r = 0.34), which could result in an overestimate of the dependence on active layer thickness. There is no significant dependence on soil temperature (p = 0.26). The goodness of fit (R 2 ) of the total regression is 0.39. The pattern of residuals ( Figure 5) suggests that a logarithmic transformation of the methane flux may improve the regression by reducing the effect of higher residual variance associated with larger fluxes [Draper and Smith, 1998 ]. After discarding negative fluxes, the logarithmic transformation improves R 2 to 0.65, and results in a more significant contribution of active layer thickness (p = 0.007, n = 36). The residuals of the regression (Figures 3 and 5) confirm the conclusions from the groupwise averages. The FW group and TW1 shows predominantly positive deviations from the regression plane, the deviations of the TW2 -4 group are smaller and in majority negative.
Discussion
[15] The spatial variability in the methane flux data is largely determined by water table and active layer thickness. The relation of the methane fluxes to water table and active layer has been found also at other arctic tundra sites [e.g., Whiting and Chanton, 1993; Morrissey and Livingston, 1992; Nakano et al., 2000] . A high water table decreases methane oxidation in the soil, and a thicker active layer results in a larger microbially active soil column and higher soil temperatures. The absence of a correlation with soil temperature may be caused by the short measurement period of four days. Although considerable air temperature variation (10°C) occurred, this period may have been too short for cooling the soil down to a level where methanogenesis will be influenced.
[16] However, the spatial variability of the methane fluxes cannot be explained by water table and active layer thickness only. The large spread in the residuals of the multilinear regression ( Figure 5 ) suggests that more parameters are required. In the groupwise comparison the difference in water table between the TW and FW sites is insignificant; still there is a significant difference in the methane flux. Moreover, the significant difference in the thickness of the active layer of the TW1 and FW2 sites does not cause a significant difference of the methane flux.
[17] Next to water table and active layer thickness, the geomorphological position is an important determinant of the methane flux. In particular the floodplain sites (FW) and wet sedge depressions (TW1) show consistently higher fluxes than other wet sites. The high fluxes on our floodplain sites exceed those reported from many other arctic sites (Table 2 ). However, also other studies indicate that floodplain sites in particular may favor high methane fluxes. The data of Bartlett et al. [1992] , Nakano et al. (Table 2) ; the highest fluxes of these authors are close to the values of our FW2 sites. In particular, the measurements on the two low backswamp sites (FW1) with Arctophila fulva are very high. These high fluxes can be reproduced, as demonstrated by flux measurements on consecutive days at the same site. Measurements from similar, but inundated vegetation in Alaska were considerably lower, ranging from 1.6 to 4.0 mg m À2 hr À1 [Bartlett et al., 1992] . The absence of inundation at our sites may have enhanced the flux considerably. This also indicates that inundation conditions at the floodplain will influence the methane fluxes from the floodplain strongly.
[18] We assume that vegetation-related parameters determine the large fluxes from the floodplain and tundra wet sedge sites, next to active layer thickness. Marked differences between the TW2-4 and the high flux TW1+FW groups are differences in vegetation. Probably, flooding frequency and water chemistry may differ also, but these were not determined in our study. High fluxes from vegetation types dominated by sedges compared to other waterlogged tundra sites are also observed in other studies, in particular those of Sebacher et al. [1986] , Christensen et al. [2000] , and Nakano et al. [2000] . Vegetation-related factors influencing methane fluxes are (1) plant-mediated transport of methane between soil and atmosphere and (2) primary productivity [e.g., Walter, 2000] . Several studies attribute variation in methane fluxes to differences in plant-mediated methane transport [e.g., Morrissey and Livingston, 1992; Morrissey et al., 1993; Verville et al., 1998; Tsuyuzaki et al., 2001] . In particular, sedges are good transporters of methane [Verville et al., 1998; Busch and Lösch, 1999] . Methane fluxes are related to vegetation by primary productivity by providing substrate for methanogens through root exudation [King and Reeburg, 2002] . A correlation of methane flux with photosynthesis and net ecosystem exchange has been demonstrated by Whiting and Chanton [1993] , Christensen et al. [2000] , and Nykänen et al. [2003] . Data on primary productivity could not be obtained during the fieldwork. However, the above-and below-ground biomass for the TW1 and FW sites is probably more than that of the other wet tundra sites, as has been demonstrated for similar vegetation in the Alaskan tundra [Webber, 1978] . It is likely that a high primary productivity of the floodplain vegetation in combination with a dense, gas conducting vegetation and a relatively high below-ground primary productivity is the main factor that determines the higher methane fluxes of the sedge vegetations of the TW1 and FW sites.
[19] Primary productivity of the floodplain vegetation may be enhanced by nutrient addition from river water during flooding. Also the tundra TW1 vegetation, which is associated with diffuse drainage of the tundra, may be supplied with a higher amount of nutrients than the other wet tundra sites. Rask et al. [2002] report a positive correlation of methane flux with P concentration in a boreal ribbed fen site in Canada; the P in this case is also derived from fluvial transport. Aerts and Toet [1997] found a nearly 10-fold increase of the methane flux from soil cores taken from a Carex-dominated wetland in the Netherlands, after addition of nutrients and labile organic components (N, P and glucose).
[20] The sedimentation of particulate organic matter (POM) on the floodplain also may contribute to high methane fluxes from floodplain sites, by the addition of extra substrate for methanogens. Flood marks on the floodplain surface, consisting of sedge and grass remains are visible evidence of this import of organic matter from other parts of the drainage basin. The highest fluxes originate from these sites. In an FW2 site surrounded with flood À2 hr À1 was measured, and the extreme maximum of 559 mg m À2 hr À1 was derived from a thick flood mark. This extremely high flux is enigmatic, it may be the result of rapid aerobic decomposition of the flood mark material, providing labile organic compounds to methanogens in the subsoil. A self-heating effect (temperature rise caused by high microbial activity [Atlas and Bartha, 1993] ) also may contribute; the soil temperature at the site was 1°to 2°C higher than that of neighboring sites. Besides the coarse debris in flood marks, it is likely that also finer divided POM and dissolved organic matter (DOM) add to the substrate for methanogens. Lateral transport of carbon by streams in peatland ecosystems is dominated by DOM; POM is the second largest contribution [Waddington and Roulet, 2000; Lobbes et al., 2000; Dawson et al., 2003] . However, DOM consists mostly of material that has a low nutrient content and is not easily decomposed [Lobbes et al., 2000; Köhler et al., 2003] , therefore the addition of POM will contribute most to enhancement of the floodplain methane flux.
[21] The high methane fluxes recorded on the river plain have implications for the potential effect of climate change on arctic methane emissions. For tundra wetlands, it has been suggested that larger evapotranspiration under influence of a warmer climate will cause a decrease of soil water tables and methane flux [Moore and Roulet, 1993; Ehhalt et al., 2001] . However, fluvial backswamps will maintain high water tables, and therefore will continue to be important methane sources. Moreover, these sources are closely linked to climate-driven changes in discharge regime and floodplain environments. Climatic warming influences the timing, duration and height of the spring snowmelt discharge peak, and will cause a shift from a nival to a more pluvial discharge regime. Permafrost thaw increases active layer thickness, causing a decrease of runoff peaks and sustaining a higher summer base flow [Rouse et al., 1997; van der Linden et al., 2003; Wu et al., 2005] . These effects are likely to maintain higher summer water tables on floodplains, resulting in high methane fluxes. Moreover, higher organic production in the drainage basin may cause a higher nutrient and organic matter supply to flood waters [Hobbie et al., 1999] although Lobbes et al. [2000] did not find consistent differences in organic carbon transport by rivers from tundra and taiga drainage basins in Siberia. Further complexity in methane flux estimates of floodplains is added by the role of thermokarst processes, causing extension of lake surfaces and liberating methane and carbon from older permafrost ice [Semiletov et al., 1996; Zimov et al., 1997] .
Conclusions
[22] Methane fluxes from an arctic tundra site and adjacent river floodplain in northeastern Siberia show a high spatial variability. Partly, this variability can be ascribed to variation in water table and active layer thickness. However, a considerable fraction of the variability in the data is unexplained by these factors; geomorphological position is also important. Methane fluxes from floodplain sites are considerably higher than those of the adjacent tundra. Similarly, sites that are part of the diffuse drainage system of flat tundra areas, also show higher fluxes. We hypothesize that the causes of these high methane fluxes are: (1) a high primary productivity, stimulated by higher nutrient supply; (2) lateral supply of extra methanogenic substrate by sedimentation of particulate organic matter, and (3) the presence of a sedge vegetation with high plant transport capacity for methane. The high floodplain methane flux found in this study indicates the need for a more systematic study of arctic floodplain processes that may influence methane fluxes. It also suggests that man-or climateinduced changes in river discharge, nutrient and organic matter transport will influence arctic methane fluxes. Table 1 (not all site classes have been shown). 
